Abstract: Conservation of natural resources, healthy environments, and optimal utilization of waste materials are intimate needs of the present time, and this research work was carried out to fulfill these needs. In this experimental and analytical study, concrete was prepared by replacing natural fine aggregates with two types of used foundry sands by 10%, 20% and 30% (by volume). The properties of fresh and hardened concrete were investigated and compared with a replacement amount of fine aggregates from 0% to 30%. Compressive strength was evaluated after 7, 28 and 63 days of moist curing. Along with compressive strength, the modulus of elasticity was also investigated and a reduction in compressive strength and modulus of elasticity was observed with the increase in the amount of used foundry sand. A prediction formula was proposed to predict the compressive strength, and verified by current experimental observations and also with a large database that was also established in this work. The prediction formula may be considered as very helpful for predicting the potential of using used foundry sand as an aggregate in concrete.
Introduction
It is believed that concrete is the largest man-made material in the world, and it is widely used in the construction industry. The popularity of this construction material is mainly attributed to its durability, which can be further increased by repairing, conserving, or strengthening it periodically [1, 2] . Being a widely manufactured material, it requires large amounts of energy and consumption of natural resources such as aggregates. It is highly unlikely that utilization of concrete will be reduced in the near future; however, by incorporating treated waste or byproducts, the cost, energy consumption, and utilization of natural resources may be reduced. Utilization of waste materials is considered to be a sustainable approach to concrete construction.
Ferrous and non-ferrous metals are processed in foundries. Sand is used to make mold or cores for metal casting due to its good insulating property and capability to bear high strength. These sands are also rich in silica. Depending on specific use, a variety of binders/additives are added to these sands (foundry sands) to enhance their properties. Foundry sands are reused several times in the metal casting process until they become too fine to reuse and are then discarded. This discarded sand is termed as used foundry sand (UFS) [3] [4] [5] [6] [7] [8] [9] . The fundamental flow of the metal casting is shown in Figure 1 .
UFSs discarded by non-ferrous metal casting are considered hazardous, whereas they are considered nonhazardous after casting of ferrous metals [3] . The classification of UFS depends on the type of binder used, type of furnaces, type of metal casting, and type of finishing process. With respect to binders, these sands are classified as green foundry sand and chemical bonded sand. Green foundry sand has clay and carbon contents, which are responsible for the dark gray or black color of UFS, whereas chemically bonded sand lacks the hydraulic characteristics of green foundry sand and are light in color. Chemically bonded sand has a coarser structure than green foundry sand and is preferable to use in agriculture and construction [3, 4, 6, 8, 9] .
UFSs are utilized in various ways to manage waste (such as landfill cover). The American Foundry Sand Association conducted a survey and reported the beneficial uses of UFS, as shown in Figure 2 , and 55% of UFS are being reused in concrete and construction fills [4] . Infrastructure development is considered as a backbone for the development of any country, and hence requires a large amount of economic input and resource consumption, which can be dealt with sustainably by incorporating waste materials (such as UFSs, glass and reused concrete crush). For example, for road constructions, UFS can be used in a base course with asphalt. It can also be used in stabilizing the slope along highways, etc. In concrete construction, UFSs can be used as partial or full replacement of fine aggregates [3, 5, 6, [10] [11] [12] [13] [14] . Depending on the utilization of concrete (lean concrete, foundation filling, pathways, garden sitting, etc.), there must be some optimal percentage for partial replacement of fine aggregates. Some studies are available in which UFSs were used in concrete as partial replacement of river sand [13, 14] . While some researchers reported the improvement in compressive strength of concrete by using UFS, few recorded the reduction in compressive strength with an increase in the amount of UFS from their experimental observations. However, the studies have one consensus: that the properties of UFS highly depend upon the type of the binder used [3, 5, 6, [10] [11] [12] [13] [14] .
The main objective of the current research is to evaluate the properties of concrete with its fine aggregates partially replaced by UFS, and validate the proposed prediction formula for the evaluation of the comprehensive strength of concretes with UFS. For proper utilization of UFS in the building and construction industry, experimentation was conducted to evaluate the properties of fresh and hardened concrete with different amounts of UFS. Compressive strength was evaluated at different ages (7, 28 and 63 days) of all types of mixtures. The modulus of elasticity was also part of this investigation. Furthermore, a prediction formula was developed to assess the compressive strength of concrete by incorporating UFS and verified by the current experimental observations and by establishing a large database, which is summarized in this work.
Materials and methods

Materials
Ordinary Portland cement was used as a binding material in concrete. The type of cement was ASTM type-I with a specific gravity of 3.15 and fineness of 3656 cm 2 /g. Locally available crush was used as coarse aggregate, and it was washed and dried under sunlight before casting of concrete. The maximum size of coarse aggregate was 20 mm, density was 1550 kg/m 3 , and fineness modulus was 7.8. Locally available river sand was used as fine aggregate; its local name is Lawerencepur sand and is narrated as "NLS" in this work. Two types of UFSs were also used in place of fine aggregate and were procured from the local foundry. The type of binder used in the first type of UFS was sodium silicate and denoted as "FSS", and the binder in the second type of UFS was phenolic resin and denoted by "FPR" in this work. The physical properties of both types of fine aggregates are mentioned in Table 1 . The particle size distribution of fine aggregates was also assessed and shown in Figure 3 . The visual analysis, fineness modulus (Table 1) , and optical microscopic observation (at 50× magnification) indicated that the UFSs used in this study were finer than NLS. Olympus STM6 was used to analyze optical microscopic images of sands, as shown in finer than natural sand. Table 2 shows the chemical composition of the UFSs used in this study.
Specimen preparation and testing
Clean drinkable water was used to mix all materials for concrete casting in the laboratory, with a water-to-cement ratio of 0.6. All parameters were fixed except the amount of fine aggregate. NLSs were partially replaced by UFSs by amounts of 10%, 20% and 30%. One mixture having 100% NLS was prepared and referred as a control specimen.
After mixing of all materials, the workability of all types of concrete was investigated by conducting a slump test [15] and a compacting factor test [16] . For investigation of hardened properties, all mixtures were poured into cubical and cylindrical molds to conduct compressive strength test and modulus of elasticity test, respectively. The standard size of cubical mold used was 150 mm and the cylinder size was 150 × 300 mm. After filling the molds (with concrete in the layer), it was compacted by using a vibrating table and sealed by using a polythene sheet to avoid the evaporation of moisture from the concrete. After 48 h of casting, the molds were removed and all specimens were submerged into water for curing and were taken out on the respective testing day. A universal testing machine of capacity 2000 kN was used to conduct the compressive strength test [17] and modulus of elasticity test [18] . The testing set-up for the modulus of elasticity is shown in Figure 5 . The specimen types, age, and test, which were performed to evaluate the hardened properties of concrete, are listed in Table 3 .
Results and data discussion
Workability
The workability of concrete is measured by a slump test and a compacting factor test according to standards [15, 16] . The workability of concrete changes with variations in UFS amount. The workability of concrete at different replacement levels of NLS with UFS is presented in Figure 6 . It was observed from Figure 6 that workability was almost unaffected up to the replacement level of 20% of NLS by FSS. At 30% addition of UFSs, workability was increased as compared to that of samples with 0%, 10% and 20% UFS. Usually, fine particles enhance the cohesion and finish ability of concrete due to the packing of voids but reduce the workability of concrete. However, the opposite behavior was observed in this work, which may be attributed to a reduction in bond strength between aggregate and paste. The excess of fine particles weakens the bond between aggregate and cement paste, causing loss of adhesion that consequently increases the workability of concrete [19] . This trend was also observed in another study [10] . More specifically, the workability of chemically bonded sand was mostly higher than the concrete having green foundry sand due to a different amount of binder in it. Clay in green foundry sand absorbs moisture and needs more water to maintain the fluidity of concrete, whereas chemically bonded sand has high workability due to the absence of clay [10] . The UFSs used in this work were under the category of chemically bonded sand.
Compressive strength 3.2.1 Experimental observations
Compressive strength is considered the most valued parameter by designers and concrete quality control engineers. The compressive strength of concrete was investigated in this work by crushing concrete cubes (with 0%, 10%, 20% and 30% of UFSs) at different ages. Figure 7A ,B presents the compressive strength of concrete having different amounts of UFSs. Compressive strength at the concerned age was recorded by taking the average of three specimens; the error bar in Figure 7A ,B represents the standard deviation. Increase in compressive strength was observed with increase in the age of specimen, and reduction in compressive strength was observed with an increase in the amount of UFS in concrete. At age of 7 days, it was observed that the compressive strength of concrete was reduced by an amount of 19.23%, 26.92% and 30.77% with the addition of FSS as a fine aggregate by the amount of 10%, 20% and 30%, respectively, as presented in Figure 7C . At a similar age, it was also clear that the increase in the amount of FSS influenced the compressive strength. Comparison was also made among the specimens with different amounts of FSS. Reduction in compressive strength by an amount of 9.52% and 14.29% was observed with the addition of 20% and 30% FSS, respectively, as compared to FSS-10. When the amount of FSS was increased from 20% to 30%, the reduction in compressive strength was only 5.26%. An almost similar trend was observed at ages of 28 and 63 days.
The reduction in percentage from the control specimen is presented in Figure 7C . In contrast, at 28 days of age, FSS-10 and FSS-20 had similar compressive strengths. However, with further increase of FSS (FSS-30), a 16% reduction in the compressive strength was observed. At age of 63 days, the compressive strength of concrete with UFS was still lower than the strength of the control specimen. At age of 63 days, the compressive strength of FSS-20 was marginally increased than that of FSS-10, which is different as compared to the previous trend (at 28 days, it was almost similar; at 7 days, it was lower). It may be concluded that 20% utilization of FSS in concrete shows the better result as compared to other percentages, and with further increase in age its compressive strength may approach (or even may even exceed) that of the control specimen. It may be concluded that 20% utilization of UFSs is the optimum amount and must be used to achieve sustainable and more economical concrete. This trend was observed in another study, in which at 20% replacement of natural sand with UFS, reduction in compressive strength was observed at age of 90 days. The reduction from the control specimen was 8.72%; however, it was increased from the control specimen by an amount of 5.99% at age of 365 days [20] .
A similar trend was observed with respect to compressive strength in the case of FPR sand (as partial substitution of natural sand in concrete). The compressive strength of FPR specimens was recorded to be more than that of FSS specimens, which enables us to deduce that the compressive strength depends upon the type of UFS. At age of 63 days, the strengths of FPR-10 and FPR-20 were very close to that of the control specimen. The percentage reduction in compressive strength can be seen from Figure 7D . At age of 63 days, the reduction was zero for FPR-10 and only 3.03% for FRP-20. It is inferred that the sand with phenolic resin has more potential to be used as fine aggregate up to the amount of 20% as compared to FSS.
Comparison with available data
The compressive strength of concrete was highly influenced by its constituents, curing, and exposure conditions. At first, the aggregate was assumed to reduce the cost and act only as filler for concrete casting. However, the analysis of the test results revealed that it influenced the properties of fresh and hardened concrete. Although fine particles filled the voids and reduced the porosity, they weakened the link between aggregate and cement paste. Thus, it can be said that finer particles highly influence the compressive strength of concrete [19] . This phenomenon can also be explained by using the texture analysis. The rough texture of coarser aggregates provides more surface area to the cement paste as compared to finer aggregates. In this light, we can say that the presence of fine aggregates (UFS) is responsible for the weak aggregate-cement bond, contributing to the development of a weak interfacial transition zone (between aggregates and cement paste).
The type of binder was also another factor that is responsible for the reduction in compressive strength. There is considerable research on UFS that indicates that compressive strength decreases with the increase in the percentage of UFSs [3, 5, 10, 21, 22] , which is also evident from our analysis. Figure 8 shows the comparison of observed values of compressive strength (at 28 days) with the available literature. Based on the evidence presented here, it is deduced that the maximum reduction highly depends upon the strength of the control specimen and also the type of foundry sand (as the properties of foundry sand may vary due to a different type of metal casting and different types of binders). Regression analysis was performed on available data by using the Microsoft Excel program. Data were fitted by selecting the exponential equation [Eq. (1)], although other types of equations were also tried. However, the value of coefficient of determination (R 2 ) was very low, whereas 0.78 was obtained by using the exponential equation.
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Prediction formula
A prediction formula was proposed to predict the compressive strength of concrete with various amounts of UFS. A large database was established having 90 values of compressive strengths of different concrete samples at different ages, with the amount of UFS from 0% to 30%. The American Concrete Institute presents the empirical equation [Eq. (2)] to obtain the compressive strength at the concerned age by incorporating the compressive strength of 28 days [23] . By incorporating Eq. (1) in Eq. (2), Eq. (3) was obtained. Although Eq. (2) is the empirical equation, one coefficient was modified by experimental observations and the established database, and reported as Eq. (3). Two input parameters are involved in Eq. (3); the first one is the age and the second one is the amount of UFS. In light of the conducted analysis, it can be suggested that the type of binder highly influences the mechanical properties of concrete and must be selected as another parameter. Thus, it is recommended to extend the proposed model by incorporating the type of binder. Figure 9 . Some data also deviate from the line of equality but within the limit of ±15%. Figure 9 also shows the comparison between experimental and predicted values with respect to the age of specimen. Very close resemblance was observed at all ages, which again verifies the reliability and applicability of Eq. (3).
Validation of the prediction formula
Modulus of elasticity
Modulus of elasticity is another index that evaluates the mechanical properties of concrete. Modulus of elasticity was obtained at age of 28 days only and presented in from NLS, whereas an about 17-18% reduction was observed for FSS-20 and FSS-30, respectively, as compared to NLS. The comparison was made among concretes with different amounts of UFS. It was observed that the modulus of elasticity was reduced by 7.80% and 8.29% when the amount of UFS was increased from 10% to 20% and 10% to 30%, respectively. There was a marginal difference of the influence of 20-30% replacement of UFS on the modulus of elasticity. FPR had a marginal difference with the NLS mixture at all replacement levels.
The modulus of elasticity of UFS concrete was also reduced by increasing the amount of UFS. The type of binder is one factor that is responsible for the reduction in modulus of elasticity [21, 22] . The other reason for the reduction in the modulus of elasticity is the fineness of UFS, which weakens the interfacial transition zone. Several theoretical and empirical relationships are available that show that the modulus of elasticity is dependent upon the compressive strength of concrete [23] . However, the relationship between compressive strength and modulus of elasticity for UFS concrete is not yet reported and must be explored by analyzing the specimens by incorporating fracture mechanics and proposing the constitutive models.
Conclusions
Experimental and analytical work was conducted in this study by incorporating different amounts of UFSs as partial replacements of natural fine aggregates. Two types of UFS were used having different binders. The physical and chemical properties of all types of sands were obtained and, finally, concrete was casted by replacing natural fine aggregate by 10%, 20% and 30% of UFS. Compressive strength and modulus of elasticity were evaluated. Compressive strength was investigated in detail and also compared with the database that was compiled in this work. The following conclusions can be extracted from this work: 1. UFSs were finer than natural sand and the workability of the concrete casted with UFS was greater than that of conventional concrete due to its fineness. 2. Compressive strength was reduced with the increase in the amount of UFS. The reduction in compressive strength of concrete with UFS having sodium silicate (FSS) as a binder was greater as compared to the UFS with phenolic resin (FPR) binder. FPR concrete had a marginal difference from conventional concrete at ages of 7 and 28 days. After 63 days, the compressive strength of FPR concrete was higher than that of conventional concrete. 3. A prediction formula was proposed to predict the compressive strength at concerned ages and concerned amounts of UFSs. A close correspondence was observed between experimental and predicted values, and also verified by establishing a large database.
Almost all values of compressive strength lie within the ±15% limit of the line of equality. 4. Modulus of elasticity was also reduced with the increase in the amount of UFS. Again, the reduction was greater in FSS concrete as compared to FPR concrete. In all cases, the modulus of elasticity of conventional concrete was higher.
Several economic, environmental, and technical advantages can be achieved by substituting UFS as fine aggregate in concrete. Detailed analysis for other mechanical properties are missing, like split tensile and flexural strength, and must be investigated. The durability of such concrete must also be examined to obtain a healthy environment and sustainable construction industry. Further evaluation is recommended with regard to the above-mentioned missing parameters.
